Recently RuB2 was shown to be a possible two-gap, type-I superconductor. Temperature dependent heat capacity measurements revealed a two-gap superconducting ground state while magnetic field dependent magnetization measurements indicated surprising type-I superconductivity with a very low experimental critical field (Hc) ∼ 120 Oe. In this paper, we report direct spectroscopic evidence of two superconducting energy gaps in RuB2. We have measured scanning tunnelling spectra exhibiting signature of two gaps on different grains of polycrystalline RuB2, possibly originating from multiple bands. Analysis of the temperature dependent tunnelling spectra revealed that the gaps from different bands evolve differently with temperature before disappearing simultaneously at a single Tc. Interestingly, our experiments also reveal that the gaps in quasiparticle density of states survive up to magnetic fields much higher than the bulk Hc and they evolve smoothly with field, unlike what is expected for a type-I superconductor, indicating the existence of a "mixed state".
In 1959, Suhl et al. made an extension to the BCS theory [1] by considering superconductivity occurring at two different bands crossing the Fermi surface and each band contributing differently to superconductivity, thereby making the superconducting gap (∆) anisotropic in the momentum space [2] . Their model also included coupling between the two bands through phonon exchange between quasiparticles belonging to the different bands. They showed that such a superconductor can display two distinct gaps in its quasiparticle excitation spectrum. The amplitude of the two gaps would depend on the strength of the electron-phonon coupling in the two respective bands and on an "inter-band coupling" term that reflects the possible tunnelling of Cooper pairs between the two bands. Immediately after the extended BCS theory was proposed, an anomaly in the electronic component of the specific heat in V 3 Si was attributed to multiband nature of superconductivity [3] . In 1965, Lung Shen et al. showed from heat capacity measurements that even the simple elemental superconductors like Nb, Ta, V etc., in their purest form, are multiband superconductors [4] . However, the research on multiband superconductivity gained momentum in 2001 when twoband superconductivity was discovered [5] [6] [7] [8] [9] [10] in MgB 2 with a remarkably high T c of 40 K. The two-band nature in case of MgB 2 attracted most attention because in this case the signature of the two gaps could be distinctly obtained from a number of experiments including tunnelling spectroscopy where the quasiparticle excitation spectrum directly reflected the two gaps [10] [11] [12] [13] [14] . Theoretical models including two BCS gaps with moderate interband scattering [15] [16] [17] [18] [19] nicely described the experimental data on MgB 2 . This discovery also triggered research on the superconducting properties of a large number of other binary diborides [20, 21] . In this context, OsB 2 and RuB 2 attracted maximum attention * goutam@iisermohali.ac.in due to their dissimilarities with MgB 2 in terms of crystal structure and band structure [22] [23] [24] , but seemingly possible multiband superconductivity [25] [26] [27] as in MgB 2 . OsB 2 (Tc ∼ 2.1 K) was proposed to be a two-gap superconductor based on heat capacity and penetration depth studies on single crystals [26] . In addition, field dependent heat capacity and magnetization measurements suggested that OsB 2 is a Type-I superconductor [25, 26] . RuB 2 superconducts below 1.5 K [20] and the bulk superconducting phase shows surprising "type I"-like behaviour in terms of its magnetic properties [29] . The bulk critical field is found to be very low (∼ 120 Oe), the electron-phonon coupling is found to be weak with a coupling constant λ ep ∼ 0.4 and the temperature dependence of specific heat showed an anomaly that could be fitted well [28, 29] within a two-gap model with the gap values ∆ 1 ∼ 0.15 meV and ∆ 2 ∼ 0.3 meV. The possibility of multi-gap superconductivity along with type-I character makes RuB 2 special. However, in order to obtain a conclusive evidence of multiband superconductivity and to understand the nature of the gaps it is most important to measure the multiple gaps spectroscopically and directly measure the temperature dependence of the gaps.
We have attempted to probe the multiple gaps in RuB 2 and their response to temperature and magnetic field by low-temperature scanning tunneling microscopy (STM) and spectroscopy (STS). The polycrystalline samples used for the measurements presented here were from the same batch as that were used for the studies reported in ref. [29] . The STM and STS experiments were carried out in an ultra-high vacuum (UHV) cryostat working down to 300 mK (Unisoku system with RHK R9 controller). Since STM experiments are extremely sensitive to the surface cleanliness of a material, in order to ensure a pristine surface of RuB 2 , a few layers of the surface was first removed by mild reverse sputtering in an argon environment in − situ inside an UHV preparation chamber, prior to the STS experiments. All the STM/S experiments were performed with sharp metallic tips of The superconducting transition in RuB 2 was measured by four probe resistivity in a Quantum Design physical properties measurement system (PPMS) and magnetic susceptibility using a He 3 insert in a SQUID magnetometer (Cryogenics Limited). Temperature dependence of the electrical resistivity ρ is shown in Fig. 1 . Resistivity was measured with an excitation current of 5 mA and at zero applied magnetic field. The temperature dependent volume magnetic susceptibility χ v is also shown in the upper inset of the same Figure. This was measured in the zero-field-cooled (ZFC) state and in presence of a magnetic field of 10 G. Both these measurements confirmed a superconducting transition at 1.5 K. In the lower inset of Fig. 1 , we also show an STM topographic image of the RuB 2 surface on which reverse sputtering was done for cleaning. The image shows clearly visible grains with ∼ 4 nm average grain size. Each grain can be considered as a tiny single crystallite with arbitrary orientation. Hence, by probing different grains it is possible to predominantly probe different crystal facets of RuB 2 , albeit with no knowledge on the facet being probed.
The STS experiments were done by bringing the STM tip on the central parts of different grains and subsequently recording the dI/dV vs V spectra for every such point. In Figs. 2(a) and 2(c) we show two representa- tive tunnelling spectra at lowest temperature. All the spectra are normalised to the conductance at 1.5 mV where they become nearly flat and symmetrised. The spectra were analysed by comparing them with numerically generated spectra using the expression for tunneling current within a single band model given by
where N s (E) and N n (E) are the normalized DOS of the superconducting sample and the normal metallic tip respectively while f (E) is the Fermi-Dirac distribution function [1] . Within the single band model, N s is given by Dyne's formula:
, where N s (E) is the density of states at energy E, ∆ is the superconducting energy gap and, Γ is an effective broadening parameter incorporated to take care of slight broadening of the BCS density of states possibly due to finite quasiparticle life time [30] . The theoretical plot (red curve) is also shown on the experimental spectrum (black line) presented in Figure 2 (a). As it is seen, the theoretical curve falls almost completely on the experimental data points, barring very little discrepancy. Here, the dI/dV vs V spectrum shows two clear peaks at ±265 µV symmetric about V = 0. The position of these coherence peaks, which are signature of the superconducting phase in RuB 2 , provides a direct measure of the superconducting energy gap (∆). The extracted value of this gap (∆) and effective broadening parameter (Γ) from the theoretical fit are respectively 205 µeV and 43 µeV. Similar spectra where single gap fitting was possible were obtained on a number of different grains and they provided a wide range of values for ∆ ranging from 130 µeV to 280 µeV, a statistics of which is shown in Fig. 2(b) . Despite a large standard deviation of the measured gap values, ∆ follows a central tendency to be around 200 µeV considering all the spectra that could be fitted using a single gap model.
The spectrum in Fig. 2(c) , however, showed deviation from the best possible single band theoretical fit (red curve) prominently around the two peaks. Hence we considered a two gap model [2, 31] for this type of spectra. According to the argument of Suhl et al., theoretically, the quasiparticle excitation spectrum for a two band model can be calculated simply by adding the two single gap BCS spectra for the two respective bands (say, band 1 and band 2) [2] . The density of states of the j-th band can be written as N s,j (E) =
, where j is the band index,
is the normal state density of states at the Fermi level corresponding to the jth band. ∆ 0j is the amplitude of the superconducting energy gap formed in the jth band. Now, the tunnelling current will take the form
, where α j is the relative contribution of the j-th band to the tunneling current. Using this model, the spectra as in Figure 2 (c) could be fitted extremely well over the entire energy range (see the blue curve on the black experimental data points). The extracted values of two superconducting gaps are ∆ 01 = 315 µeV and ∆ 02 = 130 µeV where corresponding two broadening parameters are Γ 1 = 74 µeV and Γ 2 = 180 µeV. The measured values of the two gaps match well with those obtained from the bulk measurements [29] . The relative contributions of the two bands to the total tunnelling current are equal, i.e. α 1 = α 2 = 0.5. The table in Fig. 2(d) describes the relative contributions of two bands (α 1 and α 2 ) and values of the corresponding pairs of ∆s and Γs in a set of spectra that could be well-fitted by the two band model. Such variation of the type of spectra where only some of them can be described by a single gap and others not, can be understood if a more realistic two band model [32, 33] is considered. In a more realistic two-band model interband quasiparticle scattering terms should also be included in the calculations, particularly for polycrystalline RuB 2 . If two interband scattering frequencies corresponding to the two bands are Γ 12 and Γ 21 respectively, the gaps in the two respective bands are modified as
These are two coupled equations reflecting that the gap of one band is expected to be affected by that in the other band as if through a "proximity effect" in the momentum space. With such modification due to interband scattering, the modified quasiparticle excitation spectrum corresponding to the jth band can be written as
and the total density of states will be N mod s (E) = j=1,2 N sj . Hence, the shape of the resultant N s (E) is significantly influenced by not just the gaps in the two bands and the interband tunnelling of Cooper pairs, but also by the interband scattering terms (Γ 12 and Γ 21 ). These effects may sometimes smear the two distinct peaks in the experimentally measured spectrum depending on which band is predominantly measured [32] . In complex two band superconductors, where additional effects like kdependence of interband tunnelling can appear, a distribution of spectral shapes is desired [33] . When both Γ 12 and Γ 21 are large for a given k-direction, the two gaps may seem to merge thereby displaying a single-band like spectrum, like the one shown in Fig. 2(a) . This is why most of the times the superconductors, unless in extremely pure form, do not show multi-band nature even if that is present. For such strong interband scattering, the gap may deviate slightly from the BCS-like temperature dependence. For certain k-direction, when Γ 12 and Γ 21 are negligibly small, the two gaps may appear distinctly in a single spectrum. On the other hand, for k-directions with moderate values of Γ 12 and Γ 21 , an overall broadened spectrum can be obtained where single band model will fail though visually the spectrum may look like a single gap BCS one. It seems, the type of spectra represented by the one in Fig. 1(c) was obtained from grains where this condition was satisfied. In this case, the two gaps are also expected to exhibit dramatically different temperature dependence. In order to investigate that, we have carried out detailed temperature dependence of such spectra.
In Fig. 3(a) we show the temperature dependence of another such spectrum ( last entry in the table of Fig.  2(d) ) for which two-gap fitting worked. The experimentally obtained spectra are represented by coloured lines where the coherence peaks gradually decrease with increasing temperature and all the features disappear at 1.2 K, close to the bulk T c of RuB 2 . The theoretical fits within two-band model are shown on top of the experimental data points as black lines in Fig. 3(a) . For the two-band fitting, the values of α 1 and α 2 were kept unchanged over the entire temperature range. The two gaps extracted from the fits are plotted with temperature in Fig. 3(b) with red (∆ 1 ) and blue (∆ 2 ) dots. The two gaps follow different temperature dependence. Around 0.6 K, the two gaps merge with each other, and at that point the larger gap (∆ 1 ) starts deviating from the BCS line [1] (the black dashed line) forming a tail that shows a tendency to disappear at a higher temperature. ∆ 2 starts deviating from its BCS-like dependence at 0.8 K and beyond this, that also forms a tail. These observations are consistent with the scattering regime [2] also evolve with temperature causing the merging of the gaps at one point. Now we focus on the magnetic field dependence of the spectra and their two-band analysis. The experimentally obtained field-dependent STS spectra are shown by coloured lines in Fig. 4(a) . The corresponding two-band fits are also shown which fall on the experimental data. The evolution of the extracted two gaps with magnetic field are shown in Fig. 4(b) . For this set of spectra, the larger gap ∆ 1 ∼ 300 µeV. With increasing magnetic field, ∆ 1 first falls rapidly and attains 50% of its zero field value at a magnetic field of 3 kG. In contrast, the smaller gap (∆ 2 ) shows a small change within this field range showing only 16% change (from 180 µeV at H = 0 to 150 µev) at H = 3 kG. Beyond this point, the difference between the two gaps become very small and the spectra obtained for magnetic fields larger than 3 kG behaved approximately like single gap spectra. This observation indicates the density of states of the two bands are nearly of similar magnitude at higher magnetic fields when the superconducting order is suppressed. This indicates that the two band superconductivity in this case is not caused by a significant difference in DOS in the two bands. This is not surprising if one looks at the calculated DOS [29] for the 4d orbital of Ru and the 2p orbital of B, the only two bands that contribute to the Fermi surface, it is seen that there is a very small difference between the DOS near E F for the two bands. In fact, slightly above E F , the DOS of the two bands become almost identical. Intrinsic defects and electronic disorder may cause a shift in E F making the DOS in the two bands nearly equal. Hence, the mechanism that might lead to the difference in the two gaps is expected to be a difference in the Eliashberg electron-phonon coupling terms (λ 11 and λ 22 ) in the respective bands [15, 31, 34] . Qualitatively, a comparison of the Fermi velocities (v F ) in the two bands based on the calculation presented in ref. [29] revealed that one band has smaller v F ∼ 1.1 x 10 6 m/s than the other band (v F ∼ 1.6 x 10 6 m/s). The band with smaller v F is expected to have larger e − p coupling causing the larger gap.
We also note that the local critical field (H c(l) ) at which the features (like, the gap) associated with superconductivity disappear is more than 1 Tesla which is higher by two orders than the bulk critical field (H c ∼ 100 G) measured earlier [29] . Furthermore, while the bulk measurements revealed a first order disappearance of superconductivity at H c as in a type-I superconductor, our measurements indicate that both the superconducting energy gaps survive above the bulk H c and disappear at a much higher critical field. Intuitively, between the bulk H c and the local H c(l) , the system may be in its mixed state.
Within the theory of a two-band superconductor in the mixed state as developed by Koshelev and Golubov [19] , a larger vortex core size corresponding to the band forming the smaller gap is the general property of two-band superconductors. This yields two different field scales which means, the band forming the larger gap is expected to attain its normal state density of states at a smaller magnetic field than the field at which the band forming the smaller gap does so. The rapid drop of the larger gap ∆ 1 is consistent with this idea. In order to show this effect more clearly, we have calculated the magnetic field dependence of the density of states for the respective bands using the parameters obtained for fitting and by using the formula for N sj (E) described earlier. As it can be seen in the inset of Figure 4 , N s1 rises up and saturates slightly faster than N s2 . This further supports the idea that the behaviour of the spectra beyond 3 kG is dictated by a mixed state. To note, all the theoretical work discussed above were done in the context of MgB 2 . Here, understanding of the origin of the mixed state when the bulk of the system behaves like a type-I superconductor, demands the development of a two-band theory specific to RuB 2 in magnetic field.
To conclude, we have presented detailed STM and STS investigation of two band superconductivity in RuB 2 . We provided the first direct evidence of two-gap superconductivity in RuB 2 confirming previous indications based on indirect bulk measurements. The experiments also indicated the emergence of an unusually large critical field far above the bulk critical field of RuB 2 where the bulk superconductivity is destroyed but the local spectral gap continues to remain finite. This observation invites additional RuB 2 specific theoretical considerations for better understanding of multiband superconductivity in general.
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